In this work, a refractive index sensor setup based on a biconically tapered fiber (BTF) concatenated to an intrinsic all-fiber micro FabryPerot interferometer (MFPI) is presented. Here, the power of the MFPI spectral fringes decreases as the refractive index interacts with the evanescent field of the BTF segment. Furthermore, it is demonstrated that the RI sensitivity can be enhanced by bending the BTF segment. Finally, it is shown that by using this sensing arrangement, at~1.53 µm wavelength, it is possible to detect refractive index changes within the measurement range of 1.3 to 1.7 RIU, with a sensitivity of 39.92 dB/RIU and a RI resolution of 2.5 · 10 −3 RIU with a curvature of C = 18.02 m −1 .
INTRODUCTION
The measurement of refractive index (RI) is important for a wide variety of applications, for example, in chemical and biotechnological industries, in medicine and environmental applications, etc. [1] - [4] . For many decades, RI measurement was carried out by using a refractometer [5] , which usually is a bulky prisms system. In recent years, new techniques have been developed to measure RI, such as fiber optic sensors. This type of sensors have received significant attention for their unique advantages such as immunity to electromagnetic interference, small size, and capability for in-situ, and real time applications. Recently, a variety of fiber optic sensors to measure RI have been reported, some of these sensors are based on: fiber Bragg grating structures [6, 7] , long period gratings [8, 9] , cladding mode resonance [4, 8] , [10] - [12] and MFPIs [8] , [13] - [15] . From these, the MFPIs and the BTF are very popular options since these can be fabricated in different ways.
In this work a refractive index sensing setup based on a biconically tapered fiber and an intrinsic micro Fabry-Perot interferometer is presented. Here, the MFPI generates a well defined FPI spectrum, which interference pattern power characteristics will depend on the refractive index of the medium around the BTF concatenated to the MFPI. This change on the spectral fringe pattern is due to the interaction between the evanescent field of the BTF and the external RI. Moreover, the sensitivity of the sensing setup can be enhanced by bending the BTF, which increment the evanescent field in the cladding zone. Furthermore, the sensing element can be used for in situ applications and in general the sensing arrangement is flexible since give us the opportunity to implement a quasi real time sensor. This is because the overall sensor speed response will be mainly limited by the characteristics of the optical detector used in the setup. For the spectral range considered in our design, several photodetectors with fast response and high detectivity can be found commercially available. Finally, experimental RI measurements, within the range from 1.3 to 1.7 RIU at different curvatures, are provided.
EXPERIMENTAL SETUP
The experimental setup used to carry out the refractive index measurements is shown in Figure 1 . Here, the light of a pigtailed diode laser, emitting at λ = 980 nm and delivering a maximum output power of 200 mW, was coupled to a wavelength division multiplexer (Thorlabs BL976-SAG300) to pump an erbium doped fiber (Newport F-EDF-T3) of 3.4 m length. Afterwards, the luminescence generated by the EDF travels towards the sensing device (BTF-SMF-MFPI) through the circulator (Thorlabs 6015-3), from the port 1 to the port 2. Finally, the reflected interference spectrum of the MFPI was monitored at the port 3 of the circulator by using an optical spectrum analyzer (OSA, Yokogawa AQ6370C), which was set with a resolution of 0.02 nm. In this arrangement the MFPI, which is based on an air microcavity, was fabricated by splicing a segment of hollow core photonic crystal fiber (HC-1064-19 Cells Fiber Crystal) to a standard single mode fiber (SMF). Here to splice both fibers a conventional arc fusion splicer (Fitel-S175) was used and the fabrication process described in detail by [16] was followed. In this process after fibres get spliced multiple electric discharges are applied in order to cleave the photonic crystal fiber. After this step an air microcavity FPI, at the tip of the SMF, is obtained. A picture of the fabricated MFPI is shown in Figure 2 (a). In order to measure refractive index changes the BTF was let laid over a semi spherical cuvette and the liquids with calibrated RI were put over the BTF segment ( Figure 1 ). Moreover, the semi spherical cuvette allowed us to apply curvature to the BTF segment.
Operating principle of the sensing device
The principle of operation of our sensing device is explained by means of the interference phenomenon occurring within the MFPI and by the losses due to the RI surrounding the BTF segment. The interference spectrum of the MFPI used in this work is formed mainly by two spectral fringe patterns occurring one at the air cavity, with length d 1 , and the other one occurring at the exit thin silica wall of the MFPI, with length d 2 (Figure 2(a) ). The length of these optical cavities (d 1 and d 2 ) can be varied by changing the distance between the SMF and the PCF when these are spliced, by changing the point where the electrical discharges are applied to cleave the fiber to form the MFPI and by the number of arc discharges applied [16] . Hence, in Figure 2 (b) the measured transmittance pattern of our MFPI is shown, where it can be observed that the main well defined FPI spectrum has a ∆λ = 7.38 nm. For a single cavity FPI the separation between two consecutive spectral fringes it is known as the free spectral range (∆λ) and it can be calculated by using the formula:
where λ is the reference wavelength and nd is the optical thickness of the FPI cavity, being for our case n 2 = 1.44. Therefore by using Eq. (1) it is possible to determine that the length (thickness) of the exit thin silica wall is around d 2 = 110.9 µm (Figure 2(a) ). The air microcavity has a length d 1 = 12.7 µm, it was measured by using the fusion splicer camera. Afterwards, the reflected interference spectrum of the MFPI will pass through the BTF segment. The waist length and diameter of this BTF segment were 2.5 cm and 70 µm respectively. Here, let us to recall that when the RI surrounding the BTF segment is varied, losses in the guided light transmission will occur, since the RI interacts with the evanescent field of the cladding zone [17] . In a tapered fiber the evanescent field at the external medium is increased since a greater portion of light is guided by the cladding [18] , which is due to fact that by the tapering fiber process the cladding and the core are reduced in the same proportion. In this way changes on the refractive index of the external medium will induce a variation of the effective index of propagation in a tapered fiber optic, thus changing the confinement conditions of transmitted light by the tapered fiber. Moreover, as the external refractive index increases therefore it is expected that the guided light gets attenuated due to the effects over the total internal reflection characteristics, which consequently means that a portion of light will not be coupled back into the core fiber after the BTF segment.
Furthermore, when the BTF segment is bent with a certain curvature radius, the field distribution is modified [19, 20] , producing that some light travelling by the core leaks into the cladding increasing the evanescent field. Therefore, the refractive index sensitivity can be enhanced by increasing the interaction between the evanescent field of the BTF and the external RI.
EXPERIMENTAL RESULTS
Reflected spectra for different refractive index values with curvature C = 0 m −1 and generated using a pump power of 100 mW are shown in Figure 3 . Here it can be observed that as the refractive index increases, the reflected power is attenuated. This is because of the interaction between the external RI and the evanescent field in the BTF segment, as was previously mentioned. It is important to comment that to carry out our experiments, liquids with calibrated refractive index and transparent at λ ∼ 1.5 µm (Cargille labs) were used. Moreover, from Figure 3 can be seen that the sensitivity of each fringe depends on the shape of the source spectrum, in our case the luminescence spectrum of the erbium. For instance, the fringe centered at λ ∼ 1.53 µm has a greater sensitivity than the one centered at λ ∼ 1.55 µm.
The reflected power of two fringes as a function of the external RI, at two different curvatures is presented in Figure 4 .
Here it can be observed that exist a significant relationship between the intensity of the FPI fringes and the external refractive index. Also it can be noted that the RI sensitivity is enhanced when the BTF is bent. For the case when the curvature of the BTF segment was C = 0 m −1 the RI sensitivity for the fringes centered at λ ∼ 1.53 µm and λ ∼ 1.55 µm were 12.78 dB/RIU and 12.35 dB/RIU respectively, within the range from 1.3 to 1.7 RIU. Moreover, when the curvature of the BFT segment was C = 18.02 m −1 the maximum RI sensitivity for the fringes centered at λ ∼ 1.53 µm and λ ∼ 1.55 µm were 39.92 dB/RIU and 33.35 dB/RIU respectively within the same RI range. Comparing these values, it can be appreciated how the bending helps to enhance the overall sensor performance. Moreover, by considering that the OSA used to perform the experiments has an amplitude resolution of 0.1 dB, it is possible to state that the curvature resolution for this arrangement is in the order of 2.5·10 −3 m −1 , this for the fringe centered at λ ∼ 1.53 µm with a curvature of C = 18.02 m −1 on the BTF segment. Finally, in our case the effects due to temperature over the sensing element can be considered as negligible since the thermo optic coefficient of silica is very small (+0.5 · 10 −6 • C −1 ) [21] .
It is important to point out that measurements reported in this work were taken directly with the OSA, however for practical reasons it must be replaced, ideally, by a simple optical stage and low cost photodetectors. Here the spectrum generated by the FPI concatenated with the ATF (Figure 3) give us the opportunity to implement different simple sensor configurations. For instance if we would like to consider only the reflected power at certain wavelength ( Figure 4 ) it can be useful to include a fiber optical coupler, before the port 1 of the circulator, to split the light source beam in order to have one reference channel. The port 3 of the circulator will provide the measurement channel. In this way two optical detectors can measure the exit power of each channel, afterwards these measurements can be correlated to obtain the deep of modulation, which helps to compensate drifting errors, that are very usual in this type of sensing arrangements, due to power source variations [22] . Another option in which the FPI spectral fringe pattern can be very useful, is to implement a cross correlation setup. This can be achieved by adding to our arrangement an extra simple interferometer, which is necessary to produce a second modulated spectrum. Hence to implement this kind of sensor it is possible to pass the output beam, provided by the port 3 of the circulator, by another interferometer which will superimpose another modulated spectrum that will serve as a reference. In this way the modulated spectrum produced by the micro FPI will be affected by changes occurring at the measurand, while the reference spectrum will serve to cross correlate both spectra. This type of sensors have the advantage to be very sensitive only to changes occurring in the measurand and also are very robust to drifting errors [23] - [25] .
CONCLUSIONS
In this work a refractive index sensor setup based on a biconically tapered fiber (BTF) concatenated to a fiber micro FabryPerot interferometer was demonstrated. Here, the reflected power of the interference pattern, generated by the MFPI, was modified by the interaction between the refractive index with the evanescent field of the tapered fiber. It was shown that the refractive index sensitivity can be enhanced when the tapered fiber is bent taking advantage of the increment of the evanescent field on the cladding zone. In this way when the BTF segment was bent with a curvature of C = 18.02 m −1 , the sensitivity and the resolution of our sensing arrangement were 39.92 dB/RIU and 2.5·10 −3 RIU respectively, within the refractive index range from 1.3 to 1.7 RIU. Finally, it is important to mention that this kind of sensor can be enhanced by adding a simple optical stage and low cost photodetectors which can help to increase the sensitivity and to reduce drifting errors.
